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Krüppel-associated box (KRAB)-associated protein 1 (KAP1), also known as

TRIM28 due to its tripartite motif (TRIM) domain, is a member of the

transcription intermediary factor 1 (TIF1) family. Since its discovery in 1996,

KAP1 has been widely studied as a scaffold protein involved in histone

methylation, heterochromatin formation, and genome maintenance. Its

function and stability are dynamically regulated by post-translational

modifications (PTMs), including phosphorylation, SUMOylation, and acetylation.

In addition, KAP1 serves as a signal transducer via its SUMO/ubiquitin E3 ligase

activity. This review summarizes current advances in understanding the roles of

KAP1 in regulating retroviruses (RVs), herpesviruses, and emerging respiratory

viruses such as Severe Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)

and influenza A virus (IAV), with a particular focus on the interplay between its

structural domains and physiological functions. Recent findings on human

immunodeficiency virus (HIV) are highlighted to address ongoing mechanistic

controversies, particularly those involving KAP1-mediated latency control. We

further examine novel insights into KAP1’s involvement in other viruses, including

hepatitis B virus (HBV), porcine reproductive and respiratory syndrome virus

(PRRSV), and African swine fever virus (ASFV). as well as its emerging regulatory

roles in host innate immune responses through PTM-mediated modulation of

antiviral signaling pathways. Although KAP1 exerts both antiviral and proviral

effects, the underlying mechanisms remain incompletely defined, especially in

systems where conflicting observations exist for the same pathogen. These

discrepancies—reflecting both methodological variation and KAP1’s inherent

regulatory complexity—underscore the need for deeper mechanistic insight.

Future studies utilizing precise genetic tools and in vivomodels will be critical for

elucidating the context-specific roles of KAP1 in viral gene regulation and

advancing its translational potential.
KEYWORDS

KAP1/TRIM28, transcriptional regulation, virus–host interaction, innate immunity, post-
translational modifications, viral latency
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1 Introduction

Krüppel-associated box (KRAB)-associated protein 1 (KAP1) is

a transcriptional cofactor first identified and cloned by Friedman’s

team in 1996 using affinity chromatography, and named for its

ability to bind KRAB domain-containing zinc finger proteins

(KRAB-ZFPs) (Friedman et al., 1996). The same year, another

group independently identified the protein and named it KRIP1

(KRAB-A interacting protein 1) (Kim et al., 1996). Subsequent

studies have shown that KAP1 can also interact with proteins

lacking the KRAB domain, such as MDM2 and c-Myc, thereby

modulating the transcription of their target genes (Wang et al.,

2005; Kimura et al., 2007). The N-terminal RBCC (RING-B box-

coiled coil) domain of KAP1 contains a zinc finger, two B-boxes,

and a coiled-coil region, forming the tripartite motif (TRIM)

structure. KAP1 is structurally related to other TRIM family E3

ligases, including TRIM24 (TIF1a), TRIM33 (TIF1g), and TRIM66

(TIF1d), which together comprise the transcription intermediary

factor 1 (TIF1) family (Zhu and Xiao, 2024). Accordingly, KAP1 is

also referred to as tripartite motif-containing protein 28 (TRIM28)

or TIF1b (Cheng, 2014).

Accumulating evidence suggests that members of the TIF1

family contribute to genome stability through chromatin-based

regulation of transcription and DNA damage response (McAvera

and Crawford, 2020; Kotobuki et al., 2021). KAP1 is predominantly

localized in the nucleus and possesses evolutionarily conserved

structural domains (Iyengar and Farnham, 2011; Rosspopoff and

Trono, 2023). The RBCC domain is crucial for multimerization and

interaction with KRAB domains, facilitating protein-protein

interactions, while the C-terminal PHD (plant homeodomain)

and bromodomain (BrD) are primarily involved in chromatin

modification and transcriptional regulation (Padeken et al., 2022;

Grewal, 2023). Due to its modular domain architecture, KAP1 plays

multiple physiological roles (Cheng, 2014), with most studies

focusing on its transcriptional regulatory functions. For instance,

KAP1 acts as a transcriptional co-repressor by recruiting histone

methyltransferases to KRAB-ZFP target sites, thereby promoting

heterochromatin formation and gene silencing (Kim et al., 1996;

Cheng, 2014; Santoni De Sio, 2014). It also mediates chromatin

remodeling in response to DNA damage, contributing to genomic

stability and DNA repair. Beyond transcriptional regulation, KAP1

also functions as a SUMO/E3 ubiquitin ligase and a signaling

scaffold, participating in diverse signaling pathways (Cheng, 2014;

Bürck et al., 2016). KAP1 is subject to various post-translational

modifications (PTMs), including serine phosphorylation,

SUMOylation, and acetylation. These modifications regulate its

function and protein abundance, allowing KAP1 to coordinate

diverse cellular processes such as DNA repair, cytokine

production, and stem cell maintenance. Notably, KAP1 knockout

results in embryonic lethality, highlighting its essential role in

development (Cammas et al., 2000). Conditional KAP1 deficiency

leads to impaired erythropoiesis, abnormal T and B lymphocyte

differentiation, and defective spermatogenesis, further underscoring

its physiological significance (Cheng, 2014).
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In disease contexts, KAP1 is closely associated with tumor

development and progression. Elevated KAP1 expression is

correlated with poor prognosis in cervical, gastric, ovarian, and

hepatocellular carcinomas, and it has been proposed as a biomarker

to distinguish glioblastoma from lower-grade gliomas (Jovčevska

et al., 2017). Conversely, in early-stage lung cancer, high KAP1

expression is associated with improved overall survival (Czerwińska

et al., 2017; Park et al., 2021), suggesting potential anti-proliferative

roles. Given these findings, the complex relationship between KAP1

and cancer has been extensively reviewed elsewhere (Czerwińska

et al., 2017) and will not be discussed in detail here.

KAP1 also plays multifaceted roles in viral infection (Randolph

et al., 2022). Early studies focused on its function in silencing

endogenous retroviruses (ERVs) through heterochromatin

formation to maintain genomic stability (Sun et al., 2019; Geis

and Goff, 2020; Asimi et al., 2022; Taka et al., 2022). KAP1 has since

been implicated in the regulation of exogenous retroviruses (RVs)

such as human immunodeficiency virus (HIV) (Yuan et al., 2021;

Randolph et al., 2022), though whether it promotes latency or

activation of HIV-1 remains controversial. In addition to RVs,

KAP1 exerts dual regulatory roles on herpesviruses, including

Epstein-Barr virus (EBV) (Xu et al., 2023) and Kaposi’s sarcoma-

associated herpesvirus (KSHV) (Li et al., 2018). KAP1 maintains

herpesvirus latency by silencing viral genes; however, host kinases

and inflammasomes hijacked by the virus can induce

phosphorylation of KAP1 at Ser824, disrupting latency and

facilitating viral reactivation and replication (Li et al., 2019;

Burton et al., 2020; Bhaduri-McIntosh and Rousseau, 2024).

Recent studies have linked KAP1 to disease severity in Severe

Acute Respiratory Syndrome Coronavirus 2 (SARS-CoV-2)

infection and host immune modulation (Ren et al., 2024).

Moreover, KAP1 has been shown to influence the replication and

immune evasion of several DNA and RNA viruses, including

influenza A virus (IAV), African swine fever virus (ASFV), and

human papillomavirus (HPV). These effects are mediated through

the impact of KAP1 on viral replication, degradation of viral

proteins, autophagy, immune escape, and coagulation regulation

(Chang et al., 2021; Köcher et al., 2022; Zhu et al., 2024).

Importantly, KAP1 regulates host antiviral innate immunity by

modulating key signaling proteins such as RIG-I, MAVS, and TBK1

via its SUMOylation and ubiquitin ligase activities (Li et al., 2021;

Chen et al., 2023).

In this review, we summarize the current knowledge regarding

KAP1’s structural features and core cellular functions, with a

particular focus on its roles in viral infection and antiviral

innate immunity.
2 KAP1 protein structure and
functional modules

All members of the TIF1 family share a conserved modular

architecture (Khetchoumian et al., 2004): the N-terminal RBCC

domain comprises a RING finger, two B-box zinc finger motifs, and
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a coiled-coil region. The central region, known as the TIF1

signature sequence (TSS), is the least conserved and is enriched in

proline, glycine, and serine residues. The C-terminal region

includes a conserved plant homeodomain (PHD) followed by a

bromodomain (Friedman et al., 1996; Venturini et al., 1999). KAP1,

along with TIF1a and TIF1d, possesses a central heterochromatin

protein 1 (HP1) binding domain (Figure 1). Unlike other TIF1

family members, however, KAP1 lacks a nuclear receptor (NR) box

(Peng et al., 2000). Structurally, KAP1 is highly modular, with

discrete domains that facilitate oligomerization and SUMOylation,

enable recruitment to target genes by transcription factors, serve as

scaffolds for chromatin-modifying enzymes, and mediate

interaction with HP1 (Venturini et al., 1999). Each domain of

KAP1 contributes distinctly to its roles in transcriptional repression

and post-translational modifications (Figure 2).
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2.1 RBCC structural domains: mediators of
protein interactions and post-translational
modifications

The RBCC region (tripartite motif, TRIM) of KAP1 is

composed of a RING zinc finger, two B-box motifs, and a coiled-

coil (CC) domain, arranged sequentially from the N– to the C-

terminus (Friedman et al., 1996; Venturini et al., 1999; Meroni and

Diez-Roux, 2005). This region mediates protein-protein

interactions and drives KAP1’s dimerization and oligomerization.

The RING domain adopts a C3HC4-type zinc finger fold and

coordinates two zinc ions to form a hydrophobic core, with

conserved linkers contributing to substrate specificity (Zeng et al.,

2008). It also functions as an E3 ubiquitin ligase by recruiting E2

conjugating enzymes to mediate substrate ubiquitination (Metzger
FIGURE 1

Protein structure of the TIF1 protein family. The TIF1 family includes TRIM24 (TIF1a), TRIM28 (TIF1b/KAP1), TRIM33 (TIF1g), and TRIM66 (TIF1d). All
members share a characteristic N-terminal RBCC motif-comprising a RING finger, B-boxes, and a coiled-coil domain-and a C-terminal tandem
plant homeodomain (PHD) and bromodomain. Variations in the central region distinguish each family member.
FIGURE 2

Structure of KAP1. KAP1 is composed of an N-terminal RING domain, two B-boxes (B1 and B2), a coiled-coil (CC) domain, a central hydrophobic
PxVxL pentapeptide motif, and a C-terminal plant homeodomain (PHD) followed by a bromodomain. The RBCC region functions both as a ubiquitin
E3 ligase and as a binding interface for KRAB-ZFPs. The PHD domain facilitates the recruitment of the NuRD complex and the histone
methyltransferase SETDB1, while the central PxVxL motif mediates interaction with heterochromatin protein 1 (HP1). KAP1’s transcriptional repression
activity is tightly associated with its ability to recruit SETDB1, NuRD, and HP1, and is further modulated by SUMOylation. Notably, the PHD domain
itself possesses E3 SUMO ligase activity. Post-translational modifications of KAP1, including SUMOylation and ubiquitination at distinct sites, exert
differential effects on its function and regulatory capacity.
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et al., 2014). The B-box motifs form compact globular structures

conserved across TRIM proteins (Peng et al., 2000). The CC domain

consists of amphipathic a-helices that mediate homo–and hetero-

oligomerization with TRIM proteins (Stoll et al., 2019; Sun

et al., 2019).

This structural module also enables direct interaction with

KRAB-ZFPs, the largest family of transcriptional repressors in

mammals (Ecco et al., 2017). The KRAB domain recruits KAP1

to DNA-binding loci to mediate silencing (Ecco et al., 2017; Sun

et al., 2019). Among TIF1 family proteins, only KAP1 binds directly

and specifically to the KRAB repression module (Stoll et al., 2022).

Early work proposed a 3:1 KAP1:KRAB stoichiometry (Peng et al.,

2000, 2007), whereas recent studies demonstrate a 1:2 KRAB-ZFP:

KAP1 binding ratio. KAP1’s RBCC forms antiparallel dimers that

can assemble into higher-order oligomers, though these are not

required for repression (Fonti et al., 2019; Stoll et al., 2019).

AlphaFold2 shows L301 inserts into a KRAB hydrophobic pocket,

with CC helices forming the interaction site. Structural variations

here may tune silencing efficacy (Taka et al., 2022).

In addition to mediating protein interactions, KAP1’s RBCC

and adjacent regions undergo extensive post-translational

modifications. Key lysines in the C-terminal region are

SUMOylated, primarily by PIAS family ligases that recognize

yKxE motifs (Gareau and Lima, 2010; Zhao, 2018). Lysine 554

(K554), near the HP1-binding domain (residues 535-580), is the

primary SUMO1 site and promotes HP1 interaction and

heterochromatin formation (Lee et al., 2007). K779 (SUMO2/3) is

linked to DNA repair (Zheng et al., 2000), while K804

SUMOylation may affect H3K9me3 binding (Lee et al., 2007).

These modifications recruit SIM–containing partners like

SETDB1, promoting H3K9 trimethylation and transcriptional

silencing (Liu et al., 2021b). KAP1’s RING domain also mediates

E3 ubiquitin ligase activity, requiring Cys15, Cys18, His30, and

Cys33 for zinc coordination and E2 enzyme recruitment (Kim et al.,

1996). Trp22 and Phe25 contribute to a hydrophobic pocket

essential for ubiquitin transfer (Nyenhuis et al., 2025). B-box

(residues 96-140) and CC (residues 141-350) domains enhance

dimerization and substrate recognition, including of p53 and

MDM2 (Peng et al., 2000).

SUMOylation and ubiquitination are spatially and functionally

interlinked. SUMOylation may mask the RING domain and inhibit

ubiquitin ligase activity (Cheng, 2014). Upon DNA damage,

SUMOylated KAP1 can promote ubiquitination of repair factors,

targeting them for degradation (Kuo et al., 2014; Shah et al., 2022).

These PTMs dynamically regulate KAP1’s transcriptional

repression and DNA repair roles via conformational modulation

and signaling crosstalk (Cheng, 2014).
2.2 PHD-bromodomain: mediators of
histone methylation and deacetylation

The C-terminal region of KAP1 contains two highly conserved

domains: a plant homeodomain (PHD) zinc finger and a

bromodomain. The PHD is a compact domain of approximately
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60 amino acids, while the bromodomain comprises over 100 amino

acids that fold into a helical bundle. Tandemly arranged, the PHD-

Bromo module recognizes histone tails, recruits histone modifiers,

and initiates SUMOylation, thereby promoting gene silencing (Peng

and Wysocka, 2008; Zeng et al., 2008). Proteins interacting with the

PHD-Bromo module fall into two main categories. The first

includes histone methyltransferases like SETDB1, which catalyzes

H3K9me2/3—a heterochromatic mark that recruits downstream

effectors (Padeken et al., 2022; Grewal, 2023). The second group

includes HDAC complexes (e.g., Mi2a, HDAC1), which assemble

into larger repressive structures like NCOR2 and the NuRD

complex. They remove histone acetyl groups, promoting

chromatin compaction and repression (Sahu et al., 2024). Thus,

the PHD-Bromo domain acts as a scaffold for histone modifiers,

facilitating methylation and heterochromatin formation essential

for gene silencing (Fukuda and Shinkai, 2020).
2.3 HP1-binding domain: recruitment of
heterochromatin protein 1

The interaction between HP1 and members of the TIF1 protein

family was first identified through yeast two-hybrid screening

(Venturini et al., 1999). HP1 is a highly conserved non-histone

protein that plays a key role in heterochromatin formation (Sales-

Gil and Vagnarelli, 2020; Schoelz and Riddle, 2022). HP1 consists of

an N-terminal chromodomain (CD) and a C-terminal

chromoshadow domain (CSD), both essential for recognizing

histone marks and mediating chromatin compaction (Sales-Gil

and Vagnarelli, 2020). KAP1 contains a central HP1-binding

domain (HP1BD), defined by a conserved PxVxL motif, although

it is the least conserved domain within KAP1 (Thiru et al., 2004).

Following deposition of H3K9me3, KAP1 rapidly binds HP1 with

high affinity. This occurs through interaction between KAP1’s

PxVxL motif and the HP1 CSD, facilitating heterochromatin

assembly (Lechner et al., 2000; Sripathy et al., 2006). The KAP1-

HP1 interaction is essential for transcriptional silencing. Disrupting

this interaction, such as by altering histone or DNA methylation,

can lead to in vivo reactivation of imprinted genes (Iyengar et al.,

2011). Moreover, HP1 has been shown to associate with the histone

lysine methyltransferase SUV39H1 and to form a multiprotein

complex with KAP1. This complex acts as both a “writer” and

“reader” of H3K9me2/3, reinforcing and maintaining

heterochromatin stability (Wang et al., 2019).
3 Core physiological functions of
KAP1

3.1 Maintaining a heterochromatin
environment and mediating gene silencing

Heterochromatin is a condensed chromatin state that represses

transcription in vivo. It is organized around nucleosomes composed

of histone octamers (H3, H4, H2A, H2B) wrapped by DNA (Sahu
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et al., 2024). Heterochromatin can be categorized into two types:

constitutive and facultative. Constitutive heterochromatin contains

abundant non-histone proteins like HP1 and KAP1, which help

maintain genome stability in eukaryotic cells (Grewal, 2023). Key

PTMs include H3K9me3, H3K64me3, and H4K20me3—hallmarks

of constitutive heterochromatin (Wang et al., 2019; Ballmer et al.,

2023). Among known histone lysine methyltransferases (KMTs),

SETDB1 plays a dominant role in catalyzing H3K9 methylation

(Fukuda and Shinkai, 2020; Lin et al., 2021; Rapone et al., 2023).

Chromatin remodelers like CHD3 and HDAC1 also interact with

KAP1 to facilitate nucleosome remodeling (Goodarzi et al., 2011).

In canonical gene silencing, KRAB-ZFPs and other DNA-

binding proteins recruit KAP1 to specific genomic loci (Ecco

et al., 2017; Stoll et al., 2022; Taka et al., 2022). KAP1 then

recruits the NuRD-HDAC complex and SETDB1 to deposit

H3K9me3, establishing heterochromatin and repressing

transcription (Stoll et al., 2022). Simultaneously, the PHD-

bromodomain module of KAP1 recruits the SUMO E2 enzyme

UBC9, facilitating auto-SUMOylation of KAP1. This modification

enhances SETDB1 recruitment and stabilizes chromatin repression

(Xu et al., 2023).

KAP1 also regulates transcriptional elongation to reinforce gene

silencing (McNamara et al., 2016b). After transcription is initiated,

RNA polymerase II (RNAP II) typically pauses just downstream of

the transcription start site (TSS). Productive elongation requires

activation of positive transcription elongation factor b (P-TEFb),

composed of CDK9 and cyclin T (Yang et al., 2021). P-TEFb

phosphorylates the C-terminal domain (CTD) of Pol II and the

negative elongation factors such as NELF and DSIF to facilitate

elongation. Under resting conditions, P-TEFb is sequestered in the

7SK small nuclear ribonucleoprotein (7SK snRNP) complex, which

includes 7SK RNA, HEXIM1/2, and LARP7 (Schneeberger et al.,

2019), thereby maintaining Pol II in a paused state (D’Orso, 2016;

McNamara et al., 2016b).

Importantly, KAP1 was found to recruit the 7SK snRNP

complex, containing inactive P-TEFb, to paused promoters,

including the HIV-1 LTR. While this recruitment enforces

pausing under basal conditions, it also primes these promoters for

rapid reactivation, since upon stimulation P-TEFb can be released

and activated, relieving Pol II pausing and favoring HIV-1

transcription (McNamara et al., 2016b). KAP1 promotes

SUMOylation of CDK9 at lysine residues (e.g., K44, K56, K68),

which destabilizes the P-TEFb complex (Ma et al., 2019). KAP1 also

enhances the association of P-TEFb with 7SK snRNP via HEXIM1,

reinforcing transcriptional pausing under basal conditions

(McNamara et al., 2016a). Phosphorylation of KAP1 at Ser824

disrupts its interaction with SETDB1 and HP1, leading to the

release of P-TEFb from the 7SK snRNP complex. This promotes

the transition of Pol II into productive elongation, enabling rapid

transcription of target genes (McNamara et al., 2016a; Yang et al.,

2021). Additionally, Bacon et al. (2020) reported that the PHD

domain of KAP1 binds hypoacetylated histone H4, potentially

influencing Pol II recruitment or termination (Bunch and

Calderwood, 2015).
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Recent studies have uncovered additional mechanisms by which

KAP1 regulates gene expression. Citrullination of KAP1, catalyzed

by peptidylarginine deiminase 4 (PADI4), enhances its interaction

with the chromatin remodeler Smarcad1, loosens chromatin

compaction, and promotes the transcription of pluripotency

genes such as Nanog and Klf4. This is achieved through increased

H3K27ac and H3K4me3, along with decreased H3K9me3 at

regulatory regions, thereby weakening KAP1 repressive function.

Thus, KAP1 citrullination serves as a critical epigenetic mechanism

for activating pluripotency genes in embryonic stem cells (ESCs)

(Zhang et al., 2023b). KAP1 also facilitates transcriptional

repression by Kaiso (ZBTB33), a zinc finger and BTB domain-

containing repressor, through its PHD-bromodomain, which

interacts with both the BTB/POZ and zinc finger regions of Kaiso

and promotes its SUMOylation (Lobanova et al., 2023).

Furthermore, KAP1 maintains H3K9me3 levels and the

heterochromatic environment through continuous SETDB1

recruitment, forming a complex with chromatin assembly factor 1

(CAF-1) and HP1 (Lechner et al., 2000). Although phosphorylation

at KAP1 Ser473 has been implicated in maintaining global

H3K9me3 (Chang et al., 2008; Bolderson et al., 2012), the precise

role of this modification remains unclear.

In summary, KAP1 is targeted to specific genomic loci, such as

transposable elements or imprinted genes, through its interaction

with KRAB-ZFPs. It then recruits SETDB1 to deposit H3K9me3,

together with HDACs and HP1, thereby establishing and

maintaining heterochromatin and enforcing gene silencing. In

parallel, KAP1 suppresses transcriptional elongation by

promoting SUMOylation of CDK9 and enhancing the

sequestration of P-TEFb in the 7SK snRNP complex, thereby

maintaining RNAPII in a paused state (Schultz et al., 2002;

Sripathy et al., 2006; Sun et al., 2019). Auto-SUMOylation of

KAP1 is essential for maintaining repression, whereas Ser824

phosphorylation reverses this state by displacing CHD3 and

promoting chromatin relaxation (Figure 3) (Goodarzi et al.,

2011). This dynamic regulation enables KAP1 to coordinate

chromatin remodeling and transcriptional control in response to

endogenous cues and external stimuli, including pathogen invasion.
3.2 Involvement in DNA damage repair

DNA damage arises from both exogenous sources–such as

ultraviolet (UV) and ionizing radiation–and endogenous events,

including replication stress and enzymatic errors (Carusillo and

Mussolino, 2020). To maintain genomic stability, cells have evolved

a highly coordinated DNA damage response (DDR) system

(Oksenych and Kainov, 2021) that rapidly detects lesions, initiates

repair pathways, and temporarily halts cell cycle progression to

prevent propagation of mutations (Huang and Zhou, 2020). DDR

encompasses multiple repair mechanisms, including direct repair,

base excision repair, nucleotide excision repair, mismatch repair,

and double-strand break (DSB) repair (Da Costa and Schmidt,

2020). Among these, DSBs are particularly harmful and are
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recognized by two sensor complexes: the MRE11-RAD50-NBS1

(MRN) complex and the Ku70/Ku80 heterodimer, which activate

homologous recombination (HR) and non-homologous end joining

(NHEJ), respectively (Tan et al., 2023; Liu et al., 2024).

Phosphorylation of KAP1 is among the earliest DDR events and

is primarily linked to DSB repair within heterochromatin (Ziegler

et al., 2020). In microlaser-irradiated U2OS human osteosarcoma

cells, KAP1 rapidly localizes to damage sites, where it is recognized

by the MRN complex and recruits Ataxia Telangiectasia Mutated

(ATM) kinase. ATM phosphorylates KAP1 at Ser824 (Bhatia et al.,

2013), leading to chromatin relaxation–a prerequisite for DSB

repair. Phosphorylated KAP1 has been shown to co-localize with

key DNA repair factors, including gH2AX, 53BP1, and TopBP1,

underscoring its involvement in HR-mediated repair (White

et al., 2006).

KAP1 deacetylation enhances its interaction with 53BP1 and

facilitates ATM-independent NHEJ (Lin et al., 2015). DNA damage

also triggers Ser473 phosphorylation of KAP1, promoting

formation of a KAP1–PCNA–Suv39h1 complex. Unlike Ser824,

which localizes to damage foci, Ser473 phosphorylation is diffusely
Frontiers in Cellular and Infection Microbiology 06
nuclear and mediated by Chk1/Chk2 (Hu et al., 2012). It helps

maintain global H3K9me3 levels and contributes to H4K20me3 and

H3K64me3 deposition (Hu et al., 2012; White et al., 2012). Thus,

under normal physiological conditions, Ser473 phosphorylation

promotes heterochromatin stability and replication fidelity (White

et al., 2012). Upon DSBs, KAP1 undergoes Ser824 phosphorylation

or deacetylation via ATM-dependent signaling to enable DNA

repair (White et al., 2012).

KAP1-mediated DDR is further modulated by regulatory

proteins. RNF4 recruitment to KAP1 modulates the 53BP1–

BRCA1 balance at DSBs and influences pathway choice in a cell

cycle–dependent manner (Kuo et al., 2016). While Ser824

phosphorylation is essential for DSB repair in heterochromatin,

PP4C impairs this process by dephosphorylating Ser824. PP4C thus

serves as a negative regulator of the DDR (Lee et al., 2012).

KAP1 also integrates external stimuli into DDR responses. Viral

mimics such as poly I:C or direct infection can induce Ser473

phosphorylation. This promotes KAP1–CTIF interaction, which

inhibits stress granule formation and restricts viral replication

(Chang et al., 2021).
FIGURE 3

The role of KAP1 in gene silencing and transcriptional repression. KAP1 is recruited by KRAB-ZFPs to specific DNA loci, where it initiates
heterochromatin formation via SETDB1 and the NuRD-HDAC complex, depositing H3K9me3 and promoting histone deacetylation. HP1 binds
H3K9me3 and stabilizes the complex. KAP1 undergoes SUMOylation, enhancing its repressive activity, and further SUMOylates CDK9 to inhibit P-
TEFb assembly and stabilize the 7SK snRNP complex, pausing RNAPII at promoters. Citrullination and phosphorylation (Ser824) dynamically
modulate KAP1’s function and chromatin interactions. Created with BioRender.com. H3K9, histone H3 lysine 9; HP1, heterochromatin protein 1; KAP1,
KRAB-associated protein 1; NuRD-HDAC, nucleosome remodeling and deacetylase complex; P-TEFb, positive transcription elongation factor b; Pol II,
RNAPII; SETDB1, SET domain bifurcated histone methyltransferase 1; snRNP, small nuclear ribonucleoprotein; KRAB-ZFP, KRAB zinc finger protein.
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3.3 SUMOylation and ubiquitination in
KAP1-mediated regulation

KAP1 acts as both a SUMO and E3 ubiquitin ligase, with these

PTMs critically contributing to genomic stability, transcriptional

regulation, and cell fate decisions. By coordinating protein

interactions, chromatin remodeling, and intracellular signaling,

KAP1 serves as a central regulatory hub (Cheng, 2014).

SUMOylation enables KAP1 to recruit effector proteins

containing SUMO-interacting motifs (SIMs), including HP1a/b/g
and SETDB1. This modification strengthens KAP1–HP1 binding

and promotes HP1 aggregation at heterochromatin domains (e.g.,

mitophagy sites and telomeres), reinforcing chromatin compaction

(Gan et al., 2015). KAP1 also functions as a scaffold, directing

SETDB1 to specific genomic loci to catalyze H3K9me3 and silence

retrotransposons (e.g., LINE-1) and imprinted genes. Thus, KAP1

SUMOylation is essential for chromatin compaction and repression

of endogenous retroelements (Ivanov et al., 2007). However,

KAP1’s repressive activity is attenuated upon DNA double-strand

break (DSB) induction. ATM-mediated phosphorylation at Ser824

disrupts KAP1 SUMOylation and weakens its gene-silencing

capacity (Lee et al., 2007). Protein phosphatase 1 (PP1), especially

the a and b isoforms, reverses this effect by dephosphorylating

Ser824 and promoting KAP1 SUMOylation, thereby restoring its

repressive function (Li et al., 2010). In summary, KAP1 auto-

SUMOylation promotes heterochromatin formation but is

dynamically reversed during DNA damage repair (Li et al., 2010).

In addition to self-modification, KAP1 acts as a SUMO ligase

for other substrates. For instance, it SUMOylates proliferating cell

nuclear antigen (PCNA) via a PIP motif in its bromodomain,

thereby preventing transcription-associated DNA breaks (Li et al.,

2020). It also SUMOylates MORC2 at lysine 767 (K767),

modulating its role in the DNA damage response; this

modification is reversible by the deSUMOylase SENP1 (Zhang

et al., 2023a).

Meanwhile, the N-terminal RING domain of KAP1 functions as

an E3 ubiquitin ligase, influencing transcription factor stability and

chromatin dynamics (Qin et al., 2021; Xue et al., 2024; Zhu and

Xiao , 2024) . For example , i t p romotes K48- l inked

polyubiquitination of p53, leading to its proteasomal degradation

and attenuation of p53-mediated cell cycle arrest or apoptosis (Liu

et al., 2022; Jang et al., 2024). KAP1 is also subject to self-

ubiquitination, forming part of a negative feedback loop (Wang

et al. , 2020b). In addition, it can catalyze K63-linked

polyubiquitination, which modulates the localization and stability

of itself or associated proteins (Hua et al., 2024; Liu et al., 2025).

Under stress, such auto-ubiquitination can drive liquid-liquid phase

separation (LLPS), facilitating the formation of transcriptional

repressor condensates (Ren et al., 2024). Moreover, KAP1

ubiquitinates DNA methyltransferase 3a (DNMT3A), affecting its

enzymatic function and chromatin recruitment, and thereby

modulating DNA methylation patterns (Li et al., 2024b).
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SUMOylation at the C-terminus of KAP1 may trigger a

conformational shift that occludes its N-terminal RING domain,

thereby inhibiting ubiquitin ligase activity. This structural change

may temporally uncouple transcriptional repression from protein

degradation. Following DNA damage, SUMOylated KAP1

facilitates RNF4 recruitment, which catalyzes K63-linked

ubiquitination of repair proteins, forming SUMO-ubiquitin

hybrid chains that coordinate chromatin remodeling and DNA

repair (Kuo et al., 2014). Under severe genotoxic stress, KAP1

promotes polyubiquitination and degradation of SIRT1, a class III

histone deacetylase, thereby modulating its anti-apoptotic role in

the DNA damage response (Ouyang et al., 2022).

In summary, KAP1 orchestrates chromatin silencing and DNA

repair complex assembly via SUMOylation, while simultaneously

regulating degradation of key factors and enzymatic activity

through ubiquitination. These dual PTMs act as an integrated

platform for chromatin dynamics and protein homeostasis,

operating through site competition, signal amplification, and

cooperative regulation.
3.4 Embryonic development and cell fate
determination

Loss of maternal KAP1 results in early embryonic lethality,

predominantly in male embryos (Cammas et al., 2000; Cheng, 2014;

Sampath Kumar et al., 2017; Asimi et al., 2022), due to its essential

role in maintaining epigenetic stability during the oocyte-to-

embryo transition in mice (Messerschmidt et al., 2012). Studies

employing conditional knockout models in both mice and cultured

cells have demonstrated that KAP1 is critical for multiple

developmenta l processes , including spermatogenesi s ,

erythropoiesis, and the differentiation of T and B lymphocytes

(Table 1). Beyond developmental regulation, KAP1 also

contributes to immune homeostasis. It has been identified as a

component of FOXP3–containing protein complexes and is known

to enhance the suppressive function of regulatory T (Treg) cells.

KAP1 is also implicated in immunoglobulin class-switch

recombination, further linking it to immune regulation (Tanaka

et al., 2018). In the central nervous system, Jakobsson et al.

demonstrated that deletion of KAP1 in the mouse forebrain leads

to pronounced behavioral changes, including increased anxiety-like

behavior, heightened exploratory activity, and impaired spatial

learning and memory in response to stress (Jakobsson et al.,

2008). Notably, KAP1 deletion also disrupts olfactory

neurogenesis (Pavlaki et al., 2018). Transcriptomic analyses

revealed that several dysregulated genes in the hippocampus are

imprinted genes, suggesting that KAP1 may play a role in the

maintenance of genomic imprinting (Jakobsson et al., 2008). This

hypothesis is supported by studies showing that KAP1 contributes

to DNAmethylation during early embryogenesis. It achieves this by

recruiting DNA methyltransferases (DNMTs) to the imprinting
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control region (ICR), thereby reinforcing stable silencing of

imprinted loci during key developmental windows (Haggerty

et al., 2021).
4 KAP1 in viral infections: mechanisms
and paradoxes

KAP1 is a well-established transcriptional repressor critical for

silencing integrated retroviral genomes and maintaining herpesviral

latency through heterochromatin formation (Iyengar and Farnham,

2011; Randolph et al., 2022). By recruiting epigenetic modifiers such

as SETDB1, HP1, and histone deacetylases, KAP1 establishes

transcriptionally repressive chromatin that inhibits viral gene

expression (Cheng, 2014). Its role in controlling ERVs, HIV-1,
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Moloney Murine Leukemia Virus (MMLV), Prototype Foamy

Virus (PFV), and herpesviruses such as EBV, KSHV, Human

cytomegalovirus (HCMV), and Herpes simplex virus type 1

(HSV-1) is well documented and represents its primary antiviral

function. Notably, reactivation from latency is often linked to post-

translational modifications of KAP1, particularly Ser824

phosphorylation, which disrupts its repressive activity. In recent

years, KAP1 has also been implicated in the regulation of other

viruses, including SARS-CoV-2, Respiratory Syncytial Virus (RSV),

IAV, HPV, Hepatitis C Virus (HCV), Merkel Cell Polyomavirus

(MCPyV), and adenoviruses. Although these findings remain

comparatively limited, they suggest broader roles for KAP1 in

modulating viral replication and innate immune responses

through transcriptional control mechanisms. This expanding

scope does not diminish established function of KAP1 in

retroviral and herpesviral silencing but rather highlights its

emerging potential as a more universal regulator of host-virus

interactions (Lork et al., 2021).
4.1 Epigenetic silencing of viral genomes

4.1.1 KAP1-SETDB1-mediated silencing of ERVs
and exogenous retroviruses

Retroviruses (RVs) belong to the Retroviridae family, a group of

single-stranded, positive-sense, non-segmented RNA viruses that

exclusively infect vertebrates (Krebs et al., 2021). RV replication

involves reverse transcription of the viral RNA genome into double-

stranded DNA, followed by integration of the resulting DNA into

the host genome to form a provirus (Miyazato et al., 2016). While

most RVs infect somatic cells, on rare occasions they infect germline

cells (Greenwood et al., 2018). In such cases, the integrated provirus

becomes a heritable component of the host genome and is

transmitted vertically across generations, forming what are known

as ERVs. ERVs, classified as long terminal repeat (LTR)

retrotransposons, constitute approximately 9% of the human

genome (Hughes, 2015) and are increasingly recognized for their

roles in both human health and disease. The involvement of KAP1

in maintaining the transcriptional silencing and latency of both RVs

and ERVs was identified early on (Fukuda and Shinkai, 2020;

Randolph et al., 2022). Beyond ERVs, KAP1-mediated epigenetic

silencing has also been observed in response to exogenous

retroviruses, including HIV-1, MMLV, and PFV.

4.1.1.1 ERVs

Under normal physiological conditions, ERVs are silenced

through mul t ip le ep igenet ic mechanisms , inc luding

heterochromatin formation, DNA methylation, and RNA

transcript modifications (Chelmicki et al., 2021; Liu et al., 2021a).

Among these, one of the most well-characterized silencing

pathways involves KAP1-mediated heterochromatinization. In

pluripotent embryonic stem cells (ESCs), KAP1 is recruited to

ERVs via KRAB-ZFPs, where it cooperatively recruits SETDB1

and HP1 to establish a repressive chromatin environment.

Similarly, in neural progenitor cells (NPCs), KAP1 mediates
TABLE 1 Mouse models illustrating the physiological functions of KAP1.

Animal model Phenotype Reference

KAP1 knockout mice Embryonic lethal prior to
gastrulation

(Cammas et al.,
2000; Sampath
Kumar et al.,
2017)

Hemato-specific KAP1
knockout mice

Impaired erythropoiesis (Barde et al.,
2013; Hosoya
et al., 2013;
Cheng, 2014)

Chronic myeloid
leukemia KAP1
knockout mice

Inhibits the progression of
myeloid leukemia

(Morii et al.,
2024)

T-cell-specific KAP1
knockout mice

Defective T-cell differentiation (Chikuma et al.,
2012; Sio et al.,
2012)

B-cell-specific KAP1
knockout mice

Defective B-cell differentiation (Santoni De Sio
et al., 2012)

Tamoxifen-inducible-
germ cell-lineage-
specific KAP1
depletion mice

Impaired spermatogenesis (Weber et al.,
2002)

Liver-specific KAP1
knockout mice

Male-predominant steatosis and
hepatic adenoma

(Bojkowska et al.,
2012)

KAP1 knockout in
mice forebrain

Anxiety-like-behavior and
cognitive impairments

(Jakobsson et al.,
2008)

KAP1 knockout mice
in progeria models

Suppresses the induction of a
senescence-associated secretory
phenotype

(Santos and Gil,
2014)

Cell model Phenotype Reference

KAP1 knockdown in
human aortic smooth
muscle cells (HASMC)

Suppression of phenotypic
transition dysregulation in
vascular smooth muscle cells

(Liu et al., 2019)

KAP1 knockdown in
porcine oocytes

Transcriptional activity of
fertilized egg genes is blocked.

(Zhai et al.,
2021)

KAP1 knockdown in
sheep embryonic
fibroblasts (SEF)

Disrupts gene expression of
imprinted genes Igf2 and H19,
which in turn affects epigenetic
inheritance

(Luo et al., 2017)
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dynamic histone modifications to regulate ERVs transcriptional

silencing (Rowe et al., 2010; Fasching et al., 2015; Brattås et al.,

2017). KAP1 has also been shown to repress ERVs and zinc finger

(ZNF) genes in differentiated human cell types such as HeLa, 293T,

and peripheral blood mononuclear cells (PBMCs). This repression

is closely linked to specific KAP1 binding sites and H3K9me3

enrichment, indicating that the KAP1-KRAB-ZFP (KZNF)

complex contributes to genomic stability even in adult somatic

cells (Tie et al., 2018). In addition to ERVs, KAP1 also regulates

other human-specific endogenous retroelements (EREs) in ESCs. Its

transcriptional repression function appears to be tightly coupled

with KAP1-induced DNA methylation, although KAP1-mediated

chromatin remodeling is essential for transcriptional regulation of

EREs regardless of their DNA methylation status (Turelli

et al., 2014).

Moreover, KAP1 cooperates with the human silencing hub

(HUSH) complex to repress evolutionarily young LINE-1

elements and newly acquired genes rewired through

retrotransposon-derived non-coding sequences (Robbez-Masson

et al., 2018). Mechanistic studies have mapped KAP1-mediated

transcriptional repression to a 190 bp sequence encoding the

intracisternal A-particle (IAP) signal peptide in murine ESC and

NPC models. Within this sequence, a 47 bp enhancer in the U3

region of the LTR has been identified as a key element for

retrotransposon activity. Knockdown of KAP1 leads to

derepression of IAPs, resulting in the loss of regulatory elements

required for autonomous retrotransposition (Enriquez-Gasca

et al., 2023).

Mounting evidence links aberrant expression of human

endogenous retroviruses (HERVs) to autoimmune (Tovo et al.,

2020b) and neurological disorders (Tovo et al., 2022). KAP1 and

SETDB1, as central epigenetic repressors of HERV sequences, play

important roles in immune regulation, neuronal differentiation, and

synaptic function (Fasching et al., 2015; Kawabe and Stegmüller,

2021). For example, multiple sclerosis (MS) is a chronic

inflammatory demyelinating disease of the central nervous system

(CNS) (Dobson and Giovannoni, 2019). Interestingly, pregnancy

has been shown to attenuate disease severity and reduce relapse

frequency (Bove et al., 2024). Clinical studies have found

significantly lower levels of HERV mRNA in the chorionic villi

and basal plate tissues of pregnant women compared to non-

pregnant individuals. However, concurrent impairment in KAP1

and SETDB1 expression suggests that dynamic regulation of these

proteins may influence HERV activation and MS pathogenesis.

Notably, the relationship between KAP1 expression and pregnancy-

related hormonal changes remains to be elucidated (Tovo

et al., 2023c).

In an experimental autoimmune encephalomyelitis (EAE)

mouse model, knockdown of KAP1 led to increased dendritic cell

(DC) counts in the spleen and enhanced T-cell-driven

inflammatory responses, thereby exacerbating disease severity.

Genome-wide analyses revealed that ERV elements in KAP1-

deficient DCs suppressed the expression of adjacent inflammatory

genes. Therefore, KAP1-mediated ERVs silencing is essential for
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maintaining proper immunoregulatory gene expression in DCs

(Chikuma et al., 2021).

Chronic immune thrombocytopenia (CITP), an autoimmune

disorder, has also been linked to dysregulated HERV activity

(Volkmann et al., 2023). Studies in pediatric patients have shown

that blood mRNA levels of KAP1 and SETDB1 are significantly

elevated in CITP patients and positively correlated with expression

of HERV-H and HERV-K, suggesting that KAP1 may contribute to

the immunopathogenesis of CITP (Tovo et al., 2023a). Similarly, in

children with autism spectrum disorders (ASD), elevated

expression of HERV-H and HERV-K envelope genes was

observed, along with increased KAP1 and SETDB1 mRNA levels

compared to healthy controls. These findings imply that KAP1/

SETDB1 may respond to environmental stimuli and reshape

chromatin epigenetics, thereby participating in the etiology of

ASD (Tovo et al., 2022).

4.1.1.2 HIV-1

HIV-1 is the causative agent of acquired immunodeficiency

syndrome (AIDS). It attacks the immune system by depleting

CD4+T lymphocytes, leading to immunodeficiency and increased

susceptibility to opportunistic infections and malignancies

(Swinkels et al., 2025). A major obstacle to HIV-1 eradication is

the persistence of transcriptionally silent proviruses, referred to as

latent HIV-1, within long-lived host reservoirs. To address this

challenge, the “shock-and-kill” strategy has been widely explored,

which involves reactivating latent proviruses (“shock”) followed by

immune- or drug-mediated clearance of the reactivated cells (“kill”)

(Chou et al., 2024). Therefore, the development of effective latency-

reversing agents (LRAs) remains a key objective in HIV-1 therapy.

The role of KAP1 in HIV-1 infection remains controversial,

particularly with regard to whether it promotes viral transcription

or enforces latency. Early studies suggested that KAP1 restricts

HIV-1 by interacting with viral integrase and preventing proviral

integration into host chromatin (Allouch et al., 2011). KAP1 has

also been implicated in the regulation of HIV-1 transcription

(McNamara et al., 2016b), where it recruits inactive P-TEFb to

the HIV-1 LTR to enforce transcriptional pausing under basal

conditions but at the same time primes the promoter for rapid

activation upon stimulation. In CD4+T cells, KAP1 has been

associated with both transcriptional activation and repression,

contributing to the ongoing debate (Morton et al., 2019; Taura

et al., 2019).

Current evidence suggests that KAP1 plays a central role in

promoting HIV-1 latency through transcriptional repression

mechanisms. Ma and colleagues reported that KAP1 mediates

SUMOylation of the CDK9 subunit of P-TEFb at lysine residues

K44, K56, and K68. This modification reduces CDK9 kinase activity

and impairs P-TEFb assembly by disrupting its interaction with

Cyclin T, thereby repressing transcriptional elongation and

promoting HIV-1 latency (Ma et al., 2019). These findings

highlight the dual role of KAP1 as both a SUMO ligase and a

chromatin-based transcriptional corepressor (Ait-Ammar

et al., 2021).
frontiersin.org

https://doi.org/10.3389/fcimb.2025.1618103
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Xin et al. 10.3389/fcimb.2025.1618103
KAP1 has also been shown to interact with the viral

transactivator Tat, facilitating its degradation, and with CTIP2, a

key epigenetic silencing factor. In microglial cells, Tat and CTIP2

compete for binding to KAP1, suggesting that KAP1 contributes to

the establishment and maintenance of latency through cell type-

specific molecular interactions (Ait-Ammar et al., 2021).

A genome-wide CRISPR knockdown screen identified ZNF304,

a KRAB-domain-containing zinc finger protein, as a host factor that

promotes HIV-1 latency. ZNF304 recruits KAP1 to the viral

promoter, where they together facilitate the assembly of

heterochromatin-associated histone methyltransferases (KMTs)

and polycomb repressive complexes (PRCs), enforcing

transcriptional silencing. Loss of ZNF304 leads to a marked

reduction in repressive histone modifications at the HIV-1

promoter–including H3K9me3, H3K27me3, and H2AK119ub–as

well as diminished KAP1 recruitment, resulting in increased HIV-1

gene expression. These findings underscore the cooperative role of

ZNF304 and KAP1 in sustaining viral latency (Krasnopolsky

et al., 2020).

Contrastingly, recent studies have revealed a potential

transcriptional activator role for KAP1 under certain conditions.

Acute depletion of KAP1 using a chemical genetics approach

partially reduced HIV-1 promoter activity in response to

activation stimuli. This phenotype was rescued by reintroducing

exogenous KAP1, implicating KAP1 as a targeted transcriptional

co-activator. Structural mapping further identified the RING finger

domain and an intrinsically disordered region of KAP1 as essential

for this activating function (Morton et al., 2019; Randolph et al.,

2024). Moreover, exposure to cocaine has been shown to promote

phosphorylation of KAP1 at Ser824 via DNA-dependent protein

kinase (DNA-PK), converting KAP1 from a repressor to an

activator of HIV-1 transcription. This observation may help

explain the link between substance abuse and poor viral control

in HIV-infected individuals (Sharma et al., 2024).

In summary, the role of KAP1 in HIV-1 infection is

multifaceted and context-dependent. While it is clearly involved

in establishing and maintaining latency through SUMOylation and

transcriptional repression, under certain conditions KAP1 can also

facilitate viral gene activation. The precise mechanisms and

regulatory switches governing these opposing roles remain

incompletely understood and warrant further investigation.
4.1.1.3 MMLV

MMLV is a retrovirus known for its ability to infect mice and

other vertebrates, where it can contribute to oncogenesis. Although

MMLV cannot replicate in embryonic carcinoma (EC) cells or

embryonic stem cells (ESCs) (Linney et al., 1984), it can successfully

integrate into the host genome as proviral DNA, which is

subsequently transcriptionally silenced (Wang et al., 2014).

The key regulatory element responsible for this silencing is the

proline primer binding site (PBS) of MMLV (Yamauchi et al.,

1995), which is complementary to host proline tRNA. This

complementarity facilitates the initiation of negative-strand DNA

synthesis and is thought to contribute to transcriptional repression.

Further studies revealed that KAP1 is recruited to the repressor
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binding site (RBS) of MMLV, where it coordinates with HP1,

SETDB1, and the NuRD complex to establish transcriptional

silencing of the integrated provirus (Wolf et al., 2008). A central

player in this process is ZFP809, a zinc finger protein that facilitates

the recruitment of KAP1 and its associated silencing machinery to

the MMLV proviral DNA. The interaction between KAP1 and

ZFP809 is critical for chromatin and DNA modifications that

enforce the silent state, and KAP1 also helps stabilize ZFP809

protein levels, further supporting sustained repression (Wolf and

Goff, 2007). Notably, this mechanism appears to be specific to ESCs,

and the role of KAP1 in regulating ZFP809 may differ in

differentiated cells (Wang and Goff, 2017). Subsequent studies

identified another DNA-binding factor-YY1-as a sequence-

specific mediator that links KAP1 to the MMLV provirus. KAP1

interacts with the acidic domain 1 and the zinc finger domain of

YY1 through its RBCC region (Lee et al., 2018). In ESCs,

SUMOylation of KAP1 at lysine residue K779 was found to be

essential for its gene-silencing activity against MMLV, reinforcing

the importance of post-translational modification in KAP1 function

(Lee et al., 2018).

Recent findings have further expanded the understanding of

MMLV repression by implicating the chromatin remodeler

Smarcad1. This protein interacts with KAP1 and facilitates the

deposition of the histone variant H3.3 at proviral integration sites.

H3.3 incorporation is thought to modulate chromatin dynamics,

contributing to stable repression of MMLV transcription (Elsässer

et al., 2015). Depletion of either Smarcad1 or KAP1 leads to

derepression of MMLV, indicating that the two proteins function

cooperatively (Bren et al., 2024). However, the precise mechanisms

by which KAP1 and Smarcad1 coordinate the regulation of proviral

gene expression and genome integrity remain to be fully elucidated.

4.1.1.4 PFV

PFV is a complex retrovirus that, despite its strong cytopathic

effects in cultured cells, does not cause overt pathology in its natural

host. Instead, PFV establishes a lifelong latent infection (Wei et al.,

2022). Similar to other retroviruses, PFV latency is regulated

epigenetically. KAP1 contributes to this process by maintaining

trimethylation of histone H3 lysine 9 (H3K9me3) at the long

terminal repeat (LTR) promoter of the viral genome. This

epigenetic mark facilitates the recruitment of HP1, forming a

repressive chromatin environment that supports the maintenance

of PFV latency (Yuan et al., 2021).

4.1.2 Herpesvirus latency maintenance and KAP1
phosphorylation switch

Herpesviruses are nearly ubiquitous in the human population

and are classified into three major subfamilies-a, b, and g-based on

their biological properties and host cell tropism. A hallmark of all

herpesviruses is their ability to establish latency within specific cell

types (Kanda, 2018), remaining transcriptionally silent or quiescent

for extended periods (Bhaduri-McIntosh and Rousseau, 2024).

Periodic reactivation into the lytic (productive) cycle enables viral

replication and transmission. While a- and b-herpesviruses
primarily cause disease during the lytic phase, g-herpesviruses are
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associated with oncogenic potential, particularly in latently infected

cells (Cohen, 2020). Transcriptional silencing during latency is

essential for long-term viral persistence. Analogous to its role in

retroviral repression, KAP1 contributes to the maintenance of

herpesvirus latency by promoting constitutive heterochromatin

formation on the viral genome. Through its interaction with

epigenetic modifiers, KAP1 enforces silencing of lytic genes, thus

stabilizing the latent state (Li et al., 2018, 2019; Burton et al., 2021).

SUMOylation of KAP1 is a prerequisite for its gene-silencing

function. However, upon entry into the lytic cycle, this repressive

modification is dynamically replaced by phosphorylation, typically

at serine residue 824 (Ser824). Although the specific kinases

involved vary among different herpesviruses, both host and viral

kinases are capable of inducing this phosphorylation. The

phosphorylation of KAP1 at Ser824 acts as a molecular “switch”

that disrupts its repressor function, thereby enabling reactivation of

viral gene expression and progression to productive infection.

This phosphorylation-dependent regulatory mechanism

positions KAP1 as a potential therapeutic target, and

pharmacological induction of KAP1 Ser824 phosphorylation

could potentially be explored to reactivate latent herpesviruses

(Bhaduri-McIntosh and Rousseau, 2024).

4.1.2.1 EBV

EBV, a member of the Lymphocryptovirus genus within the

Herpesviridae family, is the etiological agent of infectious

mononucleosis (IM) and has been strongly implicated in the

development of nasopharyngeal carcinoma, various pediatric

lymphomas, and autoimmune diseases (Damania et al., 2022).

EBV infects more than 95% of adults worldwide and establishes

lifelong latency in host cells (Soldan and Lieberman, 2023).

The maintenance of EBV latency involves multiple layers of

transcriptional repression in which KAP1 plays a central role.

KRAB-ZFPs suppress expression of EBV lytic genes by recruiting

KAP1, thereby contributing to the silencing of the viral genome (Li

et al., 2018). In addition, the EBV latency protein Epstein-Barr

nuclear antigen 1 (EBNA1) can recruit KAP1 via its SUMO-

interacting motif 3 (SIM3), further supporting viral latency

(Wang et al., 2020a). EBV replication is governed by a tripartite

helicase-primase complex composed of the deconjugating enzyme

BBLF4, the primase BSLF1, and replication factors BBLF2/3

(Thierry et al., 2015). Yeast two-hybrid screening and co-

immunoprecipitation assays using BBLF2/3 as bait identified an

interaction between the DNA-binding zinc finger protein ZBRK1,

its co-repressor KAP1, and BBLF2/3. ZBRK1 was shown to bind to

the oriLyt enhancer–EBV’s lytic origin of replication-indicating that

the ZBRK1-KAP1 complex serves as a key regulator of EBV

replication control at this site (Xu et al., 2023).

KAP1 also binds to the oriLyt and immediate early gene

promoters in a CTAR3-dependent manner. CTAR3 is a signaling

domain within EBV’s latent membrane protein, and it facilitates

SUMOylation of KAP1, reinforcing its transcriptional repressor

function and contributing to maintenance of EBV latency (Bentz

et al., 2015). Furthermore, the interferon-inducible protein IFI16 is

required for latency and directly interacts with KAP1 to reinforce
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repression of viral gene expression (Pisano et al., 2017; Xu et al.,

2022a). A critical regulatory switch in EBV latency is the promoter

of BZLF1 (BamHI Z left fragment 1), a master transcriptional

activator often referred to as the “lytic switch”. Its activation

initiates the transition from latency to productive replication (Li

et al., 2019). SUMO proteomic analyses revealed that the TRIM24/

KAP1/TRIM33 complex suppresses BZLF1 expression during latent

infection, suggesting that this multi-protein repressor complex may

serve as a cellular defense mechanism against EBV lytic reactivation

(De La Cruz-Herrera et al., 2023).

To overcome latency, EBV encodes several factors that

modulate host signaling (Leonardi et al., 2022). The viral

transactivator BZLF1 is essential for reactivation and is implicated

in EBV-associated tumorigenesis (Germini et al., 2020). BZLF1

expression is maintained by the viral protein kinase (vPK), which

activates host phosphoinositide 3-kinase (PI3K) signaling and

induces phosphorylation of KAP1 at Ser824 (Xu et al., 2023).

This modification disables KAP1’s repressive activity, facilitating

BZLF1-driven amplification of the lytic cascade and promoting viral

replication. In this context, KAP1’s latency-maintaining function is

hijacked by viral signaling to enable reactivation (Li et al., 2019; Xu

et al., 2022a).

Other stressors can similarly subvert KAP1 function.

Chloroquine, a known agonist of ATM kinase and antimalarial

drug, has been shown to induce EBV reactivation in patients

coinfected with Plasmodium falciparum, likely via ATM-mediated

phosphorylation of KAP1 at Ser824 (Li et al., 2017). In addition,

EBV activates thioredoxin-interacting protein (TXNIP), a regulator

of the NLRP3 inflammasome. TXNIP-induced activation of

caspase-1 leads to degradation of KAP1 in certain cell

populations, disrupting transcriptional silencing and triggering

EBV reactivation (Burton et al., 2020). Together, these findings

demonstrate that KAP1 is a key regulator of EBV latency and that

its functional inactivation through phosphorylation or degradation

represents a convergent mechanism exploited by EBV to initiate

lytic replication.
4.1.2.2 KSHV

KSHV is implicated in the pathogenesis of several malignancies,

including Kaposi’s sarcoma (KS), primary effusion lymphoma

(PEL), and multicentric Castleman’s disease. Like other

herpesviruses, KSHV alternates between latent and lytic

repl i cat ion phases (Broussard and Damania , 2020) .

Understanding the molecular mechanisms that regulate the

transition from latency to lytic reactivation is critical for

controlling viral dissemination and developing targeted antiviral

strategies (Chang et al., 2009; Yan et al., 2024).

A key latency-associated protein encoded by KSHV is the

latency-associated nuclear antigen (LANA), which possesses a

SUMO-2–interacting motif that enables it to engage KAP1

through SUMOylation. This interaction promotes chromatin

remodeling and contributes to the silencing of lytic genes during

early stages of primary infection (Sun et al., 2014). Additionally,

nuclear factor erythroid 2-related factor 2 (NRF2) has been shown
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to facilitate the interaction between LANA and KAP1, reinforcing

transcriptional repression of lytic genes (Gjyshi et al., 2015).

The cellular transcription factor STAT3 also plays a role in

maintaining KSHV latency. Suppression of STAT3 leads to

downregulation of KAP1 and consequently activates the viral

replication and transcription activator (RTA), highlighting a

STAT3-KAP1 axis that regulates the responsiveness of latently

infected cells to lytic stimuli (King et al., 2015). Cai and

colleagues reported that KSHV induces the accumulation of

hypoxia-inducible factor-1a (HIF-1a) during latency. Under

hypoxic stress, HIF-1a facilitates reactivation of the KSHV lytic

cycle by disrupting the repressive complex formed between KAP1

and Sin3A at the SIM motif of LANA. This dissociation reduces

KAP1 SUMOylation, enabling transcriptional activation of lytic

genes. Furthermore, the RTA promoter contains overlapping

binding sites for RBP-Jk and HIF-1a (known as RBS and HRE,

respectively). Inhibition of KAP1 enhances the binding of RBP-Jk-
HIF-1a complexes at this promoter region, suggesting that KAP1

occupancy at the RTA promoter is essential for suppressing lytic

reactivation under normoxic conditions (Zhang et al., 2014).

As with other herpesviruses, phosphorylation of KAP1 at

Ser824 by viral protein kinases induces chromatin remodeling

and activates lytic gene transcription, thereby promoting the

switch from latency to replication (Ali et al., 2022). The viral

protein kaposin B contributes to the chronic inflammatory

environment characteristic of KS by activating the host kinase

MK2 (MAPKAPK2), which in turn phosphorylates KAP1 and

facilitates lytic reactivation (King, 2013). In addition to

modulating KAP1 phosphorylation, KSHV has evolved strategies

to counteract KAP1-mediated proteasomal degradation of key host

transcriptional regulators. For instance, TFIIB, a core component of

the RNAPII transcriptional machinery, is typically cleaved by

caspase-3 and further degraded via KAP1-mediated

ubiquitination in response to cellular stress. However, KSHV

impairs this degradation process, thereby preserving TFIIB and

supporting viral gene expression (King, 2013).

Together, these findings demonstrate that KSHV not only

hijacks the phosphorylation switch of KAP1 to escape latency but

also manipulates multiple host signaling pathways to overcome

KAP1-mediated transcriptional repression, enabling efficient viral

replication and immune evasion.
4.1.2.3 HCMV

HCMV infection is a widespread b-herpesvirus that establishes
lifelong latency, primarily within hematopoietic stem cells (HSCs)

(Griffiths and Reeves, 2021). In immunocompetent individuals,

viral latency is typically well controlled; however, reactivation in

immunocompromised patients, such as organ transplant recipients,

can result in life-threatening disease (Gugliesi et al., 2021).

In human myeloid leukemia cells (Kasumi-3), HCMV gene

expression initially becomes transiently activated before being

repressed, reflecting a myeloid lineage-specific host defense

mechanism that enforces viral transcriptional silencing (Rozman

et al., 2022). Tumor necrosis factor alpha (TNF-a) has been shown

to trigger HCMV reactivation, and this process is tightly linked to
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the gene-silencing function of KAP1 (Forte et al., 2018). The RNA-

binding protein SERPINE1 mRNA-binding protein 1 (SERBP1)

functions as a scaffold that facilitates the recruitment of KAP1 to the

viral genome, promoting transcriptional repression of the major

immediate-early promoter (MIEP) (Reichel et al., 2018). Genetic

depletion of KAP1 in CD34+ cord blood-derived progenitor cells

leads to enhanced expression of early and late HCMV genes,

confirming that KAP1 is essential for the maintenance of viral

latency (Poole and Sinclair, 2022). Upon differentiation of dendritic

cells (DCs), which triggers HCMV reactivation, KAP1 remains

associated with the viral genome; however, SETDB1 and

H3K9me3 occupancy at viral promoters is diminished, thereby

allowing escape from the latent state (Poole and Sinclair, 2022).

Additionally, phosphorylation of KAP1 at Ser824-induced by

mTOR signaling or exposure to chloroquine-has been shown to

disrupt its repressive function, further supporting the notion that

Ser824 phosphorylation serves as a molecular switch enabling

HCMV reactivation (Rauwel et al., 2015).

4.1.2.4 HSV-1

Among a-herpesviruses, HSV-1 is one of the most prevalent

human pathogens, establishing lifelong latency primarily in sensory

neurons (Harrison and Jones, 2022). Reactivation from latency

leads to recurrent mucocutaneous lesions and, in severe cases,

life-threatening encephalitis (Ak et al., 2025). During the early

stages of HSV-1 infection, the host mounts an epigenetic defense

response characterized by the deposition of repressive histone

marks, particularly H3K9me3, on the viral genome, leading to

suppression of lytic gene transcription (Tsai et al., 2022). As viral

reactivation proceeds, the integrin-linked kinase (ILK)-activated

downstream of phosphoinositide 3-kinase (PI3K)-stimulates

protein kinase B (PKB/Akt) and facilitates productive viral

infection. ILK opposes the activity of histone methyltransferase

SUV39H1 and KAP1, both of which contribute to silencing of HSV-

1 lytic genes. Knockdown of ILK results in reduced phosphorylation

of KAP1 at Ser473 and Ser824, indicating that ILK enhances KAP1

phosphorylation to overcome transcriptional repression of lytic

genes (Tsai et al., 2022). These findings suggest that the ILK-

KAP1 axis represents a critical regulatory node for HSV-1

reactivation and may serve as a potential therapeutic target.

4.1.3 Transcriptional repression by KAP1 in
emerging viral infections

Beyond its well-characterized roles in retroviruses and

herpesviruses, KAP1 has recently garnered attention for its

potential involvement in other viral infections. In several

emerging systems, KAP1 is proposed to act as a transcriptional

repressor through epigenetic mechanisms, suggesting a broader

regulatory scope that remains to be fully elucidated.

4.1.3.1 HPV

HPV is smal l double-stranded DNA virus of the

Papillomaviridae family that infects epithelial cells. While most

HPV infections are transient and asymptomatic, persistent

infection with high-risk types such as HPV-16 and HPV-18 is
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strongly associated with the development of cervical cancer and

other anogenital and oropharyngeal malignancies (Liu et al., 2015;

Schichl and Doorbar, 2025). KAP1 functions as a co-repressor of

E2F, a key transcription factor involved in HPV gene regulation. By

promoting chromatin remodeling and transcriptional silencing,

KAP1 influences the expression of viral oncogenes E6 and E7,

which are critical for HPV-mediated oncogenesis. These oncogenes

inactivate tumor suppressor proteins p53 and retinoblastoma (Rb),

leading to dysregulated cell cycle progression and enhanced cellular

proliferation. Through its epigenetic regulatory activity, KAP1 may

thus contribute to viral persistence and the progression of HPV-

associated malignancies (Gao et al., 2020).

4.1.3.2 HCV

HCV is an enveloped, positive-stranded RNA virus of the

Flaviviridae family that infects hepatocytes. Globally, chronic

HCV infection affects more than 50 million people and is a

leading cause of liver fibrosis, cirrhosis, and hepatocellular

carcinoma (Spearman et al., 2019). Several TRIM family proteins

have been shown to restrict HCV by regulating viral transcription,

replication, and assembly. As a key member of the TRIM family,

KAP1 plays a regulatory role during HCV infection by modulating

host genomic elements (Cao et al., 2024). Upon HCV infection,

KAP1 appears to reduce its transcriptional repression activity

toward human HERVs, particularly HERV-H-pol and HERV-K-

pol, leading to their aberrant upregulation. This derepression may

influence viral replication dynamics and promote the aggregation of

viral particles (Weber et al., 2021). These findings suggest that

KAP1 acts as a host epigenetic regulator whose functional alteration

during HCV infection may contribute to viral persistence, making it

a potential therapeutic target for HCV intervention (Tovo

et al., 2020a).

4.1.3.3 MCPyV

MCPyV is a small double-stranded DNA virus of the

Polyomaviridae family and the only polyomavirus conclusively

linked to human cancer. MCPyV is clonally integrated in the

majority of Merkel cell carcinoma cases, an aggressive

neuroendocrine skin cancer with high morbidity and mortality

(Harms et al., 2018). KAP1 plays a critical regulatory role in

MCPyV infection. Upon expression of MCPyV large and small

tumor antigens (LT-Ag and ST-Ag) in normal human dermal

fibroblasts (NHDFs), KAP1 undergoes phosphorylation at

Ser824–a modification associated with the loss of its

transcriptional repression activity. This phosphorylation event

correlates with a marked increase in viral replication, indicating

that KAP1 normally acts as a restriction factor during MCPyV

infection. Its functional inactivation through phosphorylation

enables viral gene expression and propagation, highlighting KAP1

as a key host factor modulated by MCPyV to facilitate productive

infection (Siebels et al., 2020).

4.1.3.4 Human adenoviruses

HAdVs are non-enveloped, double-stranded DNA viruses of

the Adenoviridae family that cause a broad spectrum of diseases,
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ranging from respiratory and ocular infections to gastroenteritis.

While typically self-limiting in immunocompetent hosts, HAdV

infections can lead to severe or disseminated disease in

immunocompromised individuals (Lion, 2014; Kajon, 2024). In

human adenovirus (HAdV) infections, KAP1 undergoes de-

SUMOylation to relieve epigenetic repression and promote viral

gene expression. This process is also linked to enhanced

SUMOylation of the viral protein E1B-55K, facilitating viral

replication (Bürck et al., 2016).
4.2 Effects of KAP1 ubiquitination/
SUMOylation on viral proteins and antiviral
innate immune regulation

4.2.1 Regulation of viral and host proteins via
PTMs

KAP1 not only helps maintain heterochromatin at the PFV

promoter by regulating H3K9me3, but also directly targets viral

proteins for degradation. Its RBCC domain binds to the PFV

transactivator Tas and promotes its ubiquitin-mediated

degradation, thereby contributing to the establishment of viral

latency. This dual mechanism highlights KAP1’s role as both an

epigenetic repressor and a post-translational regulator during PFV

infection (Yuan et al., 2021).

In hepatitis B virus (HBV), the multifunctional regulatory

protein HBx modulates viral replication and host responses.

KAP1, recruited by glycerol-3-phosphate dehydrogenase 2

(GPD2), facilitates HBx degradation via ubiquitination, thereby

limiting HBV replication and potentially slowing liver disease

progression (Liu et al., 2023a).

SARS-CoV-2, the causative agent of COVID-19, is a positive-

sense, single-stranded RNA virus of the Betacoronavirus genus. Since

its emergence in late 2019, it has caused a global pandemic with

significant morbidity and mortality (Garigliany et al., 2020; V’kovski

et al., 2021; Steiner et al., 2024). During SARS-CoV-2 infection, KAP1

exerts antiviral effects at both the transcriptional and protein levels.

Specifically, KAP1 catalyzes SUMOylation of the viral nucleocapsid

protein (SARS2-NP) at lysine 65, promoting its homo-

oligomerization, RNA binding, and liquid-liquid phase separation

(LLPS)-processes that impair the host innate immune response.

Blocking this SUMOylation or LLPS formation may restore

antiviral immunity and inhibit viral replication, offering a potential

therapeutic strategy against COVID-19 (Zhang et al., 2021).

Porcine reproductive and respiratory syndrome virus (PRRSV)

is a positive-stranded RNA virus of the Arteriviridae family and one

of the most economically devastating pathogens in the swine

industry. PRRSV infection causes reproductive failure in sows and

respiratory disease in piglets, resulting in major global losses in pig

production (Gao andWen, 2025). KAP1 also plays a proviral role in

PRRSV infection by enhancing viral replication through regulation

of K63-linked ubiquitination of the envelope glycoprotein GP4.

Knockdown of KAP1 significantly suppresses PRRSV replication,

identifying it as a critical host factor in the viral life cycle (Cui

et al., 2023).
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Interestingly, KAP1 exhibits cell-type-specific regulatory effects

on the zinc finger protein ZFP809. In embryonic stem cells (ESCs),

KAP1 stabilizes ZFP809 and facilitates transcriptional repression of

retroelements. However, in differentiated cells, KAP1 promotes

ubiquitin-mediated degradation of ZFP809 via a C-terminal

sequence containing lysine 391 (Wang and Goff, 2017). This

functional switch-from transcriptional silencing in ESCs to

ubiquitination-mediated degradation in somatic cells-may explain

why MMLV replication is restricted in ESCs but not in

differentiated cells (Wang and Goff, 2017).
4.2.2 Effects on host antiviral innate immune
signaling

When host cells encounter viral pathogens, pattern recognition

receptors (PRRs) such as retinoic acid-inducible gene I (RIG-I)

detect viral RNA and initiate signaling cascades (Xu et al., 2022b)

involving MAVS, TBK1, and downstream transcription factors

IRF3 and IRF7. These pathways culminate in the induction of

type I interferons (IFNs), which are essential for establishing an

antiviral state (Li et al., 2024a). Post-translational modifications,

particularly ubiquitination and SUMOylation, play a crucial role in

modulating these pathways, often through cross-regulatory

mechanisms. While these modifications enhance innate signaling,

some viruses exploit the same systems to suppress immune

responses (Xiao et al., 2024; Yoneyama et al., 2024).

In this context, KAP1 directly interacts with TBK1, catalyzing

K63-linked ubiquitination to amplify TBK1 activity and promote

downstream type I IFN production. These findings identify TBK1

as a direct substrate of KAP1 and suggest that KAP1 can act as a

positive regulator of antiviral responses through ubiquitin signaling

(Hua et al., 2024).
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Conversely, KAP1 has been shown to negatively regulate

MAVS-mediated immune activation. Overexpression of KAP1

suppresses, while its knockdown enhances, MAVS-induced

production of type I IFNs and proinflammatory cytokines (Liu

et al., 2023b). Mechanistically, KAP1 mediates K48-linked

polyubiquitination of MAVS, targeting it for proteasomal

degradation. This process depends on cysteine residues C65 and

C68 within the RING domain of KAP1 and lysines K7, K10, K371,

K420, and K500 of MAVS (Chen et al., 2023).

Further downstream, KAP1 also modulates IRF7, a master

regulator of type I IFN responses. Through its RING domain,

KAP1 catalyzes the SUMOylation of IRF7, reducing its

transcriptional activity and suppressing IFNB1 expression. The

RNA-binding protein RBM45 has been implicated in facilitating

the recruitment of KAP1 to IRF7, suggesting a broader regulatory

network in play. KAP1 thus serves as a negative regulator of IRF7-

dependent transcriptional responses (Liang et al., 2011).

Upstream of these events, KAP1 is a key modulator within this

landscape. UBR5, an E3 ubiquitin ligase, has been identified as a

positive regulator of RLR signaling. It promotes K63-linked

ubiquitination of KAP1, which inhibits its intramolecular

SUMOylation and relieves KAP1-mediated transcriptional

repression on RLR genes. Thus, UBR5-mediated ubiquitination of

KAP1 enhances RIG-I signaling by disinhibiting antiviral gene

expression (Yang et al., 2024).

In addition to the RLR pathway, KAP1 has been shown to

suppress NF-kB signaling by SUMOylating TRAF6, which

interferes with its auto-ubiquitination and activation during

innate immune responses (Yang et al., 2025). This indicates that

KAP1 not only regulates antiviral signaling but also plays a role in

modulating inflammation.

Finally, a complex and reciprocal interaction between KAP1

and the interferon-stimulated gene XAF1 further illustrates the

regulatory versatility of KAP1. Upon RNA virus infection, MAVS

recruits TBK1 and XAF1. TBK1 phosphorylates XAF1 at Ser252,

enabling its nuclear translocation, where it partners with IRF1 to

guide KAP1 to antiviral gene loci (Kuang et al., 2023). XAF1 targets

the PHD domain of KAP1 for de-SUMOylation, enhancing

chromatin accessibility and driving robust expression of antiviral

genes (Kuang et al., 2023). Interestingly, KAP1, in turn, promotes

the K48-linked polyubiquitination and degradation of XAF1 in an

apparent feedback mechanism to restore its own repressive

function-though the precise relevance of this counter-regulation

in antiviral contexts remains to be fully elucidated (Jang et al.,

2024) (Table 2).

4.2.3 KAP1 in virus-induced immune regulation
Although mechanistic insights remain limited, accumulating

evidence suggests that KAP1 may participate in shaping host

immune responses during infection with various RNA viruses.

These roles include modulating interferon signal ing,

inflammatory responses, and cellular processes such as

mitophagy, thereby contributing to immune defense or facilitating

immune evasion depending on the viral context.
TABLE 2 Roles of KAP1 in regulating host antiviral innate immunity.

Target
protein

KAP1-associated function
Regulatory
outcome

TBK1 KAP1 promotes K63-linked ubiquitination of
TBK1, enhancing its protein expression and
antiviral activity.

Promotes host
innate immune
signaling

MAVS KAP1 induces K48-linked ubiquitination of
MAVS, leading to its proteasomal degradation
and weakened signaling.

Suppresses host
antiviral
signaling

IRF7 KAP1 promotes SUMOylation and
degradation of IRF7, reducing expression of
antiviral genes.

Suppresses host
antiviral gene
expression

UBR5 UBR5 modifies KAP1 via K63-linked
ubiquitination, preventing its SUMOylation
and relieving transcriptional repression on
RLRs.

Promotes host
innate immune
activation

TRAF6 KAP1 mediates SUMOylation of TRAF6 and
inhibits its ubiquitination-mediated NF-kB
activation.

Suppresses host
inflammatory
responses

XAF1 XAF1 induces de-SUMOylation of KAP1,
promoting expression of antiviral genes.

Promotes host
antiviral gene
expression
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4.2.3.1 SARS-CoV-2

A 2022 clinical study involving 188 mildly and 142 severely

infected patients reported a significant reduction in KAP1 mRNA

expression in both groups, with a more marked decrease in severe

cases, suggesting that KAP1 downregulation may be associated with

disease severity (Lu et al., 2020; Tavakoli et al., 2022; Acharya et al.,

2023). Additional pediatric data showed higher expression of

interferon-stimulated genes (ISGs) in children with mild

symptoms, whereas those with severe disease or multisystem

inflammatory syndrome in children (MIS-C) exhibited reduced

interferon levels. The expression trends of KAP1, SETDB1, and

HERV-related transcripts followed similar patterns, implicating

KAP1 in SARS-CoV-2-associated innate immunity and

transcriptional regulation (Tovo et al., 2021; Pellegrina et al.,

2022). Furthermore, a genome-wide CRISPR-Cas9 screen

identified KAP1, along with TRIM33 and EHMT1/2, as proviral

host factors that may facilitate SARS-CoV-2 transcription and viral

particle formation (Sakai et al., 2024).

4.2.3.2 RSV

RSV is an enveloped, negative-stranded RNA virus of the

Pneumoviridae family and a leading cause of acute lower

respiratory tract infections in infants and young children.

Globally, RSV is responsible for substantial pediatric morbidity

and mortality, particularly in severe bronchiolitis cases (Wang et al.,

2024). In pediatric patients with severe RSV-induced bronchiolitis,

expression levels of KAP1 and SETDB1 were positively correlated

with type I interferon production, suggesting a protective role for

this complex in antiviral immune responses. While direct

mechanistic evidence remains limited, these correlations imply

that KAP1 may contribute to innate immune activation during

RSV infection (Liang et al., 2011; Tovo et al., 2023b).

4.2.3.3 IAV

IAV is an enveloped, negative-stranded RNA virus of the

Orthomyxoviridae family that causes seasonal epidemics and

occasional pandemics in humans. Beyond acute respiratory

illness, severe IAV infection can trigger excessive inflammation

and cytokine storm, contributing to high morbidity and mortality

worldwide (Wildenbeest et al., 2024; Zhao et al., 2024). In IAV-

infected cells, KAP1 undergoes de-SUMOylation, disrupting its

interaction with SETDB1 and reducing H3K9me3 deposition at

transposable element (TE) loci (Chang et al., 2021; Feng et al.,

2022). This derepression of ERVs elements leads to the release of

ERV-derived RNAs, which are sensed as host-encoded pathogen-

associated molecular patterns (PAMPs), thereby enhancing

interferon-mediated antiviral signaling through the RIG-I/MAVS/

TBK1/JAK1 axis. The Schmidt group proposed that KAP1 acts as a

regulatory switch: its SUMOylation status governs ERV repression

and subsequent immune activation (Schmidt et al., 2019).

Additionally, Krischuns et al. reported that infection with highly

pathogenic avian influenza virus (HPAIV), including subtypes

H1N1, H7N7, H7N9, and H5N1, induced phosphorylation of

KAP1 at Ser473. This modification altered KAP1 interaction with
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HP1 and activated the PKR/MAPK/MSK1 signaling cascade,

contributing to elevated levels of IFN-b, IL-6, and IL-8 and

amplifying the inflammatory response (Krischuns et al., 2018).
4.2.3.4 Porcine epidemic diarrhea virus

PEDV is an enveloped, positive-stranded RNA virus of the

Coronaviridae family, Alphacoronavirus genus, that causes acute

enteric disease in swine. PEDV infection leads to severe diarrhea,

vomiting, and dehydration, with particularly high mortality in

neonatal piglets, making it a major pathogen of economic

concern in the swine industry (Crawford et al., 2016; Jung et al.,

2020). In PEDV infection, KAP1 appears to be hijacked by the virus

to facilitate immune evasion. PEDV, a member of the

Alphacoronavirus genus, suppresses host antiviral responses by

inhibiting IRF7 phosphorylation[]. In addition, the PEDV

nucleocapsid (PEDV-N) protein promotes the upregulation of

host KAP1, which in turn induces mitophagy and suppresses the

JAK-STAT1 signaling pathway, ultimately enhancing viral

replication. Thus, PEDV exploits KAP1-mediated pathways to

attenuate host immunity and promote viral proliferation (Li

et al., 2024c).
4.3 Additional regulatory roles of KAP1 in
viral infection

Beyond its transcriptional silencing activity, KAP1 also

regulates viral replication through mechanisms involving virus-

host interaction dynamics (Pellegrina et al., 2022). For example,

SARS-CoV-2 enters host cells via the angiotensin-converting

enzyme 2 (ACE2) receptor (Jackson et al., 2022), whose

expression level directly influences host susceptibility and disease

severity. KAP1 is co-expressed with ACE2 in type II alveolar

epithelial cells (Ashraf et al., 2021; Jackson et al., 2022).

Knockdown of KAP1 leads to ACE2 upregulation, thereby

enhancing SARS-CoV-2 entry into both A549 lung carcinoma

cells and primary human alveolar epithelial cells (HPAEpiC)—an

effect partially reversed by granzyme B inhibition (Wang et al.,

2021). Additionally, KAP1 depletion increases IFN-g receptor 2

(IFNGR2) expression and promotes interferon-gamma (IFN-g)
secretion, further elevating ACE2 levels. These findings suggest

that KAP1 may restrict viral entry by suppressing ACE2 expression,

thereby contributing to host antiviral defense (Wang et al., 2021).

Similarly, ASFV manipulates host coagulation pathways via KAP1.

ASFV infection is associated with disseminated intravascular

coagulation, leading to platelet depletion and severe hemorrhage.

The viral protein p72 suppresses the expression of coagulation

factor F10 both in vivo and in vitro. KAP1 enhances this suppressive

effect of p72 on F10, thereby exacerbating disruption of the

coagulation cascade and contributing to ASFV-induced

pathological damage (Zhu et al., 2024).

To provide a virus-centric overview of KAP1’s diverse antiviral

roles described above, we summarize the major viral systems and

their corresponding regulatory mechanisms in Table 3.
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TABLE 3 Functional roles of KAP1 in viral infection.

Virus KAP1 mechanism
KAP1
function

Regulatory
outcome

ERVs Transcriptional
repression

KAP1 recruits
SETDB1 and
HP1 to silence
ERVs.

Suppresses viral
transcription
and replication

HIV-1 Transcriptional
repression

KAP1 promotes
CDK9
SUMOylation,
blocks P-TEFb
assembly, and
cooperates with
CTIP2 to
degrade Tat.

Suppresses viral
transcription
and replication

Relief of transcriptional
repression

KAP1 is
phosphorylated
at Ser824 by
DNA-PK
through its
multi-domain
structure.

Enhances viral
replication

MMLV Transcriptional
repression

KAP1 interacts
with ZFP809 to
repress pre-viral
transcription,
involving YY1,
histone H3.3,
and K799 in
ESCs.

Suppresses viral
gene expression

SUMOylation/
Ubiquitination

KAP1 degrades
ZFP809 in
differentiated
cells, lifting
transcriptional
repression.

Promotes viral
gene expression

PFV Transcriptional
repression

KAP1 induces
histone
methylation at
the LTR
promoter and
mediates Tas
degradation.

Suppresses viral
replication

SUMOylation/
Ubiquitination

KAP1 mediates
Tas
ubiquitination
and promotes
proteasomal
degradation.

Suppresses viral
protein function

EBV Transcriptional
repression

KAP1 is
SUMOylated by
CTAR3,
cooperates with
IFI16 to silence
EBV, inhibits
BZLF1, and
regulates BBLF2/
3

Suppresses viral
transcription
and replication

Relief of transcriptional
repression

KAP1 is
phosphorylated
at Ser824 by
BZLF1,
chloroquine, and

Enhances viral
replication

(Continued)
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TABLE 3 Continued

Virus KAP1 mechanism
KAP1
function

Regulatory
outcome

TXNIP, relieving
transcriptional
repression.

KSHV Transcriptional
repression

KAP1 is
SUMOylated by
LANA with
NRF2
involvement.

Suppresses viral
transcription
and replication

Relief of transcriptional
repression

KAP1 is
regulated by
STAT3, de-
SUMOylated by
HIF-1a,
phosphorylated
by Kaposin B,
and its
ubiquitination-
mediated
degradation of
TFIIB is
disrupted by
KSHV

Promotes viral
transcription

HCMV Transcriptional
repression

KAP1 recruits
SERBP1 to
silence the early
promoter MIEP.

Suppresses viral
gene expression

Relief of transcriptional
repression

KAP1 is
phosphorylated
at Ser824 by
mTOR and
chloroquine.

Enhances viral
replication

HSV-1 Relief of transcriptional
repression

KAP1 is
phosphorylated
at Ser824 by ILK,
eliminating its
repressive
function.

Enhances viral
replication

SARS-
CoV-2

SUMOylation/
Ubiquitination

KAP1 catalyzes
SUMOylation of
SARS2-NP to
suppress innate
immune
signaling.

Promotes viral
immune evasion

Innate immune
modulation

KAP1 modulates
IFN/HERV
pathways and
acts as a previral
factor.

Promotes
immune evasion
and
pathogenesis

Host receptor regulation KAP1 inhibits
ACE2 protein
expression.

Restricts viral
entry

MCPyV Relief of transcriptional
repression

KAP1
phosphorylation
eliminates its
transcriptional
repression
activity.

Enhances viral
transcription

(Continued)
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KAP1 is a multifaceted regulatory protein composed of distinct

structural and functional domains, with its physiological roles

widely studied in cellular and animal models. Central to its

function is KRAB-ZFP-mediated gene silencing and the dynamic

regulation of heterochromatin and euchromatin. SUMOylation

enhances its transcriptional repression activity and plays a key

role in maintaining genomic integrity (Cheng, 2014; Santoni De Sio,

2014; Ecco et al., 2017). Recent discoveries of novel KAP1-

interacting transcription factors have further clarified its role in

chromatin remodeling and transcriptional control (Bacon et al.,

2020; Zhang et al., 2023b). In immune-related diseases such as

multiple sclerosis (MS), KAP1 repression is subject to fine-tuned

regulation, underscoring its immunomodulatory potential (Tovo

et al., 2022, 2023c; Vianelli et al., 2022). Functional loss of KAP1

leads to broad phenotypic consequences, including impaired

embryonic development and defective stem cell differentiation

(Cammas et al., 2000; Sampath Kumar et al., 2017).

KAP1 has emerged as a central regulator of viral gene silencing,

particularly in the context of endogenous retroviruses (ERVs).

Through the recruitment of SETDB1 and HP1, KAP1 facilitates

the establishment of heterochromatin at ERV loci, thereby

repressing their transcription. SUMOylation of KAP1 further

promotes its localization to ERV regions and stabilizes its

interaction with SETDB1. Additional layers of suppression

involve DNA methylation and RNA-mediated targeting of

transposable elements, reinforcing KAP1-dependent ERV

silencing (Yang et al., 2015; Brattås et al., 2017; Margalit et al., 2020).

In contrast, the role of KAP1 in HIV-1 regulation remains

mechanistically complex and context-dependent. Accumulating

evidence indicates that KAP1 functions as both a transcriptional

repressor and activator, likely modulated by post-translational

modifications (PTMs) in response to viral or host-derived signals.

During latency, KAP1 reinforces transcriptional silencing through

SUMOylation and ubiquitination of P-TEFb and Tat, with ZNF304

facilitating its recruitment to the HIV-1 promoter. Conversely,

phosphorylation at Ser824 by DNA-PK converts KAP1 into a

transcriptional activator, promoting viral reactivation (Taura et al.,

2019; Ait-Ammar et al., 2021). These findings highlight KAP1 as a

tunable molecular switch, whose activity may be selectively

manipulated by targeting specific PTM sites or upstream kinases.

Modulating this switch could inform future “shock-and-kill”

strategies for HIV-1 eradication. By contrast, in other retroviruses

such as MMLV and PFV, KAP1 appears to operate in a more

canonical repressive manner, although further investigation is

warranted (Lee et al., 2018; Bren et al., 2024; Sharma et al., 2024).

Herpesviruses, in particular, seem to have evolved precise

mechanisms to counteract KAP1-mediated silencing. KAP1 initially

represses herpesviral lytic genes via heterochromatinization, but

during lytic reactivation, the virus hijacks cellular and viral kinases

to phosphorylate KAP1 at Ser824, thereby reversing its repressor
TABLE 3 Continued

Virus KAP1 mechanism
KAP1
function

Regulatory
outcome

HBV SUMOylation/
Ubiquitination

KAP1
ubiquitinates and
degrades HBx.

Suppresses viral
replication

PRRSV SUMOylation/
Ubiquitination

KAP1 promotes
K63-linked
ubiquitination of
GP4, enhancing
viral protein
expression.

Enhances viral
replication or
particle
production

IAV Innate immune
modulation

KAP1 de-
SUMOylation
derepresses
ERVs, triggering
innate immunity.

Activates host
antiviral
response

HPAIV Relief of transcriptional
repression

KAP1 is
phosphorylated
at Ser473,
activating MAPK
signaling and
pro-
inflammatory
gene expression.

Activates host
innate immune
response

RSV Innate immune
modulation

KAP1 expression
correlates with
IFN-mediated
antiviral
response.

Activates host
innate immune
signaling

PEDV Viral immune evasion KAP1 is hijacked
by PEDVN to
inhibit the JAK-
STAT1 pathway.

Facilitates viral
immune escape

ASFV Virus-induced pathology KAP1 inhibits
ASFV-induced
coagulation
cascades,
aggravating
tissue damage.

Contributes to
virus-induced
pathology

HPV Transcriptional
repression

KAP1 acts as a
co-repressor of
E2F and
represses E6/E7
expression
through
chromatin
remodeling

KAP1 may
facilitate HPV
persistence and
oncogenesis

HCV Relief of transcriptional
repression

KAP1 suppresses
HERVs but is
functionally
impaired during
HCV infection

Facilitates HCV
replication and
viral particle
aggregation

HAdVs Relief of transcriptional
repression

KAP1 is de-
SUMOylated
after infection
but enhances
SUMOylation of
E1B-55K

Enhances viral
replication
frontiersin.org

https://doi.org/10.3389/fcimb.2025.1618103
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Xin et al. 10.3389/fcimb.2025.1618103
function. This dynamic suggests that herpesviruses efficiently exploit

the KAP1 “switch”. Whether Ser824 phosphorylation can serve as a

biomarker for predicting reactivation risk or as a therapeutic target

remains to be determined in vivo (Bhaduri-McIntosh and

Rousseau, 2024).

Beyond retroviruses and herpesviruses, recent studies have

uncovered novel KAP1 functions in other viral systems. For

instance, during SARS-CoV-2 infection, KAP1 expression levels

correlate positively with disease severity and interferon (IFN)

production (Tovo et al., 2021; Pellegrina et al., 2022; Tavakoli

et al., 2022). Similar associations have been observed in IAV

infection, particularly with HPAIV strains (Krischuns et al., 2018;

Hale, 2022). These observations suggest that viral infection may

trigger de-repression of KAP1-regulated endogenous retroviral

(ERV) elements, leading to the accumulation of self-derived ERV

RNAs that are sensed by the innate immune system. The resulting

activation of IFN responses may amplify inflammatory signaling

and contribute to severe immunopathology, including the so-called

“cytokine storm” (Krischuns et al., 2018).

Phosphorylation at distinct sites further exemplifies how KAP1

integrates diverse cellular signals. Ser824 phosphorylation is

predominantly induced by ATM kinase in response to DNA

double-strand breaks, facilitating chromatin relaxation and DNA

repair (Liu et al., 2015). By contrast, Ser473 phosphorylation is

triggered by virus-activated cascades such as PKR-MAPK-MSK1,

disrupting KAP1-HP1 interactions and enhancing inflammatory
Frontiers in Cellular and Infection Microbiology 18
gene expression (Krischuns et al., 2018). These modifications

illustrate how KAP1 functions as a molecular switch, balancing

genome stability and antiviral defense.

Apart from its inhibitory role in transcriptional regulation,

KAP1 also functions as a SUMO and E3 ubiquitin ligase through

its RBCC domain, regulating not only viral proteins but also the

post-translational modifications (PTMs) of key components in the

host antiviral signaling pathways. Interestingly, KAP1 mediates the

ubiquitination and SUMOylation of MAVS and IRF7, targeting

them for degradation and thereby disrupting innate immune

signaling and facilitating viral replication (Liang et al., 2011). In

contrast, KAP1 enhances the stability of RLRs and TBK1,

promoting IFN-mediated antiviral responses (Hua et al., 2024;

Yang et al., 2024). The differential regulation of these signaling

proteins by KAP1 may reflect virus-specific strategies or differences

in experimental systems, warranting further investigation.

Given KAP1’s broad physiological roles, a single virus may elicit

divergent—and at times opposing—regulatory outcomes. For

example, KAP1 promotes the ubiquitination and degradation of

the HBx protein, while simultaneously suppressing the HBV-

induced antiviral immune response-two effects that together

facilitate viral replication (Liu et al., 2023a; Yang et al., 2025). In

the case of SARS-CoV-2, KAP1 not only represses viral

transcription but also SUMOylates the nucleocapsid protein

(SARS2-NP) and regulates ACE2 receptor expression, thereby

influencing viral replication through multiple pathways (Tovo
FIGURE 4

Modular framework illustrating the diverse mechanisms by which KAP1 regulates viral infection and host responses. Five functional modules
summarize KAP1’s roles in epigenetic silencing, latency-lytic control, post-translational modification of viral and host proteins, modulation of innate
immunity, and regulation of viral entry and pathogenicity. Representative viruses involved in each module are indicated.
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et al., 2021; Wang et al., 2021; Ren et al., 2024). Experimental

heterogeneity may further contribute to conflicting observations.

KAP1 represses MMLV in embryonic stem cells but enhances

chromatin relaxation and viral proliferation in differentiated cells

—a mechanistic paradox yet to be resolved (Elsässer et al., 2015;

Wang and Goff, 2017; Lee et al., 2018). Likewise, studies on HIV-1

have yielded inconsistent findings depending on the knockdown

approach. These discrepancies emphasize the importance of

context-specific and in vivo investigations to fully elucidate

KAP1’s regulatory versatility in viral infection.

To integrate the diverse regulatory roles described above, we

categorized KAP1’s functions across viral systems into five

mechanistic modules (Figure 4). This framework underscores its

multifaceted involvement in viral silencing, immune modulation,

and host-pathogen interactions.

In summary, KAP1 serves as a versatile master regulator that

orchestrates diverse cellular and viral processes. Its ability to

integrate chromatin remodeling, transcriptional repression, post-

translational modifications, and immune regulation highlights its

central role in host-virus dynamics. Moving forward, future

research should adopt standardized experimental systems and

incorporate in vivo models to delineate the molecular logic by

which KAP1 toggles between antiviral defense and viral facilitation.

Elucidating these mechanisms will be essential for understanding

how KAP1 maintains genomic and immune homeostasis and for

developing targeted strategies to modulate its activity in

disease contexts.
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